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Summary 

The general arrangements used in the construction of an experi- 
mental recorder are outlined and several optical design features of the proposed 
system are discussed in detail. These include the concepts underlying the 
design of a digit-beam array forming a hologram 'page' and the optical 
methods for recovering the digital information. The optimum dimensions 
of the various optical components are derived from theoretical considera- 
tions based on the performance requirements. 

A brief description of an experimental record and replay apparatus 
intended for feasibility tests is given, together with some measurements of 
the optical transmission efficiencies achieved. These results were lower than 
anticipated and emphasise the need to use high quality optical components 
and eliminate surface reflection losses. 
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List of Symbols 

B bandwidth of r.f. driver (MHz) 

d optical beam dimension 

D aperture dimension 

/ focal length 

g scaling constant 

h hologram/spot dimension 

E film exposure (J/cm^ ) 

k diffraction-limited beam parameter 

K scanning efficiency 

K film modulation transfer factor 

M reference-to-signal beam ratio 

m,n integers 

N number of stages in digital light-deflector 

P laser output power (mW) 

Q reflection/coefficient of beam-splitter 

R number of resolvable spots 

S scanning period 

t time 

T optical transmission factor 

u object distance 

V image distance 

w walk-off distance 

X minimum spacing of detectors 

d angular range 

X wavelength of light (nm) 

T acoustic-wave transit time 

i> acoustic-wave velocity (m/s) 

1, Introduction 

Following the introduction of lasers, various 
methods were proposed for digital data recording 
and some of these were implemented^ . The earlier 
proposals were based on bit-by-bit techniques in 
which each bit of information occupies an ex- 
clusive area of the recording medium. Difficult 
engineering problems were envisaged, using these 
methods, if the maximum potential storage capacity 
of optical recording media (^ 10^ bits/cm^) were 
to be exploited, because the dimensions of a bit-cell 
would then be exceedingly small (less than one 
square micron). It was later realised that assembled 
'pages' of data could be recorded simultaneously, 
using holographic techniques, whereby each bit of 
information covers larger areas of medium (up to 
one square millimetre) but not exclusively. Because 
of the intrinsic properties of hologram records, the 
mechanical tolerances required for retrieval could 
be considerably relaxed and there would be better 
protection against normal surface dirt and scratches. 



Proposals for page-orientated optical compu- 
ter stores at that time^'"^ (1970) envisaged pages 
containing 10'' bits of data, but the problem was to 
develop the sophisticated transducers which could 
compose, record and recover such large blocks of 
data. For digital television, which requires data 
transfer rates of about 100 Mbit/s, it was necessary 
to think initially in terms of compromise arrange- 
ments using much smaller holograms with pages 
containing only a modest number of bits'* . 

A wide-band digital recorder was developed 
for military applications by the Harris Corporation^ 
(1974). This was reported to be capable of writing 
at rates greater than 100 Mbit/s, but reading at 
40 Mbit/s. It used an acousto-optic modulator for 
composing the hologram pages and a rotating mirror 
for laser-beam deflection to form hologram arrays 
on photographic film. 

Several preliminary investigations with micro- 
holograms^ , and studies of the various methods of 
modulating and deflecting laser beams^ , culminated 
in a proposed system for digital television record- 
ing using low-power laser sources and black-and- 
white photographic film^. Experimental record- 
ing equipment has been partly constructed to test 
the feasibility of the proposed system. This 
Report describes the basic features of the system 
and gives details of the optical design of the 
recorder. 



2. The proposed system 

2.1 Format 

Fig. 1 shows the format proposed for directly 
recording a television signal in digital form on 
8 mm (or 16 mm) photographic film. It is based 
on the assumption that small amplitude holograms 
(50 /im X 50 fxm) can be serially recorded in 
consecutive rows (128 per row), with each holo- 
gram containing 50 bits of information. The 
record forms a track 6.4 mm wide, including a 
control-track, which could be accommodated on 
8 mm unperforated film, or as two tracks on 16 mm 
film. If a small guard band of 10 nm between the 
hologram rows is used (as shown in Fig. 1), the film 
will be required to run continuously at about one 
metre/sec in order to handle a 100 Mbit/s data 
stream in real time. 
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Fig. 1 
Proposed format 



The recording of each hologram must be 
accomplished in 500 nanoseconds; thus the average 
scan rate required is 2 holograms//is for both 
recording and replay. 

With these hologram dimensions, the storage 



density is approximately 2 x 10^ bits/cm^, which 
is well within the capacity of modern holographic 
film emulsions. 

It is proposed that the last eight holograms of 
each row be used for film-speed control and not 
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Fig. 2 - Basic optical arrangement for recording 
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contain signal-data. For example, by suppressing 
the last eight hologram exposures on alternate rows 
during recording, a grating-like control track can be 
formed. The holograms allocated to the control- 
track could also contain test-data. 

2.2 Recording arrangement 

The principal components used for the recording 
experiments and their general arrangement are 
shown in Fig. 2. A continuous wave, helium- 
cadmium (He-Cd) gas laser is used as a 10 mW source 
of coherent blue light (X = 442 nm). After passing 
through an electro-optic Pockell's cell, the output 
beam is divided into a signal-beam and a reference- 
beam by a partially reflecting mirror. The signal- 
beam is expanded and is incident on a 50 port page- 
composer. This generates 50 parallel beams of 
light (digit-beams) each one of which can be mod- 
ulated (e.g. switched 'on' or 'off) independently 
by applying voltages to the ports of the page-com- 
poser. The emerging digit-beams forming the 
'page' are arranged in an irregular two-dimensional 
array. 

At this point, the unexpanded reference-beam 
is re-inserted and forms a central light-beam in the 
array which is much more intense than the surround- 
ing digit-beams. The whole array of digit-beams 
and the reference-beams are brought to a common 
focus by the hologram lens (L^ in Fig. 2). At the 
focus a complicated interference pattern is formed 
due to the mutual coherence of the superposing 
beams which, when recorded on a photosensitive 
medium, becomes a hologram of the data-page. 
The recording film is not exposed at this position, 
however, but a field-stop aperture (A) is inserted 
instead, and a system of lenses (L^ and L^ ) is used 



to relay the hologram image (now bounded by the 
field-stop aperture) on to the recording film. A 
digital light-deflector is placed where the light is 
collimated between the relay lenses. When one 
data-page has been exposed, the deflector redirects' 
the hologram image to the next location where a 
new page is recorded. This process continues until 
a complete row of holograms is exposed. The 
recording film moves continuously at a constant 
rate, the deflection axis being almost at right angles 
to the motion of the film. 

2.3 Replay arrangement 

The components and basic arrangement of the 
replay apparatus are shown in Fig. 3. The light 
source is a 5 mW, helium-neon (He-Ne) laser 
emitting red light (A = 633 nm). The beam is 
expanded slightly and recoUimated before entering 
an acousto-optic deflector. Two beams emerge 
from the deflector; a Ist-order diffracted beam, 
whose emergence angle with respect to the incident 
beam is a linear function of the frequency of the r.f. 
generator driving the deflector, and a fixed (zero 
order) beam coUinear with the incident beam. The 
principal lens following the deflector focuses the 
deflected beam on to the film and, by frequency 
modulating the r.f. generator, the beam scans a row 
(or part of a row) of holograms. The size of the 
scanning spot is arranged to be about the same as 
that of a hologram. When the scanning beam inter- 
cepts a hologram, an image of the recorded page of 
data is obtained on the far side of the film. In fact, 
for every single digit-beam which was in the 'on' 
state, during the recording of the hologram, a pair 
of digit-beams is observed in the reconstructed 
image. Each pair are twin images symmetrically 
disposed about the scanning beam, but represent 
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Fig. 3 - Basic optical arrangement for replay 
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only one bit of data. If a small photodetector is 
placed behind the film to intercept one of the 
digit-beams (or two photodetectors intercept the 
twin images) the presence or absence of the digit- 
beam can be detected by the relative levels of the 
signal output from the detector(s). Filtering of the 
signal and subsequent amplification optimises the 
signal-to-noise ratio and provides a suitable voltage 
level for digital decoding circuits. 

In the experimental replay arrangement, the 
polished ends of 100 fibre optic light-guides are 
assembled in an array to form a probe. This is 
placed so as to intercept the corresponding array of 
100 digit-beams forming the reconstructed image. 
The other end of each of the guides is optc 
coupled to a discrete silicon photodetector. Red 
laser light is used for the replay apparatus, largely 
because silicon photodetectors are intrinsically 
much more sensitive to red light than to blue. 
There is also an angular magnification of the 
reconstructed digit-beams due to the increased 
diffraction of red light. 

The motion of the scanning spot and that of 
the film is continuous. To obtain a data 

transfer rate of 100 Mbit/s, the scanning spot must 
scan a row at a slightly greater rate (greater to allow 
for the flyback time) than 2 holograms per micro 
second. It is proposed that the zero-order 

stationary beam emerging from the deflector is 
used as an auxiliary beam to interrogate the control- 
track on the recording (see Fig, 1). By suitable optics, 
the stationary beam, which is much weaker than 
the deflected beam in an efficient deflector, is 
focused on the control-track and the transmitted 
light (modulated by the track) is detected by a 



separate photodetector. The signal from this 
detector is used to control the speed of the film 
through the replay head and thus keep the 
scanning spot in correct register with the hologram 
rows for optimum reconstruction. 



3. Optical design features 

In all parts of the record and replay apparatus, 
good optical performance is essential if an efficient 
system is to be achieved. This is particularly true 
for the page-composer and the digital light-deflector, 
which are based on electro-optic principles and use 
crystalline materials. Furthermore, for holographic 
systems, unwanted perturbations of the polarisation 
characteristics or the coherence of the light can 
easily erode the overall efficiency and increase 
cross-talk levels. Details of the recording and re- 
play optical design are given in the following 
sub-sections. 

3.1 Recording design features 

3.1.1 General analysis 

Fig. 4 is an optical ray diagram of the recording 
system (excluding the laser source and the beam 
splitter) and shows a principal (vertical) section. 
Deflection is in the plane of the diagram and only 
the two extreme positions for hologram exposure 
at the film plane are indicated in the Figure. The 
page-composer generates 50 separate digit-beams 
in a two-dimensional array. (The design of this 
array is discussed in Section 3.1.3). The emerging 
digit-beams are assumed to have a square cross- 
section of side, d^ , and be strictly collimated. 
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Fig. 4 - Ray diagram showing principal design parameters for recording 
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The digit-beams (only two are shown) cluster 
around the re-inserted reference-beam which pro- 
pagates along the optical axis of the system. The 
deflector is assumed to have N stages, which can 
deflect the collimated incident beams to any one 
of 2^ angular output positions within the range 
±9. 

Let the recorded holograms be of side h and 
the square field-stop aperture be of side h' . The 
optical arrangement using ideal components is 
specified by the following equations; 



and 



2/^ tan0 = 2^h 
h' d^ =kf\ 



(1) 
(2) 
(3) 



where /, , and /^ , f^, are the focal lengths of Lj , 
L^ and L3, respectively, X is the wavelength and k 
is a dimensionless parameter. Equation (3) is 
derived from the classical theory of diffraction- 
limited optics. The parameter k determines the 
proportion of the digit-beam energy transmitted by 
the field-stop aperture. 

Eliminating h' from equations (2) and (3), 
and substituting from (1) gives 



iN-- 1 



^1 = 



kf^\ 



/j tan0 



(4) 



which determines the digit-beam dimension required 
at the page-composer output. 

An important parameter is the minimum 
input and output aperture sizes required for the 
digital light-deflector. There is a 'walk-off of 
amount w associated with the design of the 
deflector^ so that, if D^ is the maximum dimension 
of the incident array of beams (in the deflection 
plane), the maximum output dimension is D^ + w. 
This increase has to be allowed for when consider- 
ing the aperture of the final lens, L^ . 

It can be seen from Fig. 4 that 



D. 






(5) 



where D, is the maximum dimension of the array 
of digit-beams emerging from the page-composer in 
the deflection plane. Supposing that D^ = gd ^ , 



where g is a scaling factor associated with a particular 
design of the digit-beam array (see Section 3.1.3), 
then, using equations (4) and (5), the minimum 
input aperture of the deflector is given by 



■,yv^ 



'kgX 



D2=- 



(6) 



tan0 



For a digital light-deflector using WoUaston prisms, 
the spacing of the output locations tends to become 
non-linear^ beyond the angular range 26 = 8° 
approximately, and this effect sets a practical limit 
to the range of the device. Thus from equation (6) 
it can be seen that for a given number of deflection 
stages, the minimum input aperture to the deflector 
is independent of the recorded hologram dimension 
h, and of the focal lengths of the lenses. 

Inserting typical practical values of the para- 
meters in equation (6), = 4°, ^ = 1.6, g = 24, 
X = 441 nm, we obtain a value of 15.6 mm for the 
input aperture D in the plane of deflection. The 
amount of lateral 'walk-off w, is a function of the 
deflector design, including its length, but for a 
7-stage device a typical value is 2 mm. The aperture 
of the final lens L^ , in the above example, would 
need to be greater than D^ + w = 17 .6 mm. 

It should be noted that this constraint on the 
minimum aperture of the digital light-deflector 
applies only to the plane of deflection. The input 
array can be compressed in the orthogonal plane if 
desired by using an anamorphic lens system and, 
indeed, various schemes for a 2.1 compression were 
seriously considered for the experimental recorder. 
However, the additional optical complexity was 
felt to be impracticable at this stage of development. 

The principal loss in light-power is expected 
to occur at the field-stop aperture for both the signal 
and reference-beams. Putting ^ = 1.6 in equation 
(3) implies a power loss of less than 20%, for an 
ideal situation in which the page-composer generates 
perfectly collimated beams and the hologram lens 
gives a diffraction-limited image at the aperture. 
Clearly, the power loss would be somewhat 
greater in practice. Increasing the value of k to 
mitigate this loss results in a corresponding increase 
in the deflector aperture, as shown by equation (6). 

Square-shaped apertures and holograms have 
been assumed because these permit, potentially at 
least, a better transmission efficiency in the page- 
composer and a greater average packing density on 
the film than would be obtained with circular 
profiles. 
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3.1.2 Micro-hologram formation 

The basic principles of Fourier transform holo- 
grams, using a central (on axis) reference-beam, 
were discussed in a previous Report^. The 
distinguishing feature of the holographic approach 
is that the Fourier spectra of successive groups of 
digits are recorded and not the digits themselves, as 
in bit-by-bit methods. The Fourier transformation 
of the input data is achieved optically using a page- 
composer and a single lens. The complex amplitude 
of the light distribution at the focus of the lens 
represents the Fourier spectrum of the array of 
digit-beams emerging from the page-composer. 
Under certain exposure conditions, this focal 
image can be photographically recorded to form a 
micro-hologram which preserves the spectral infor- 
mation and allows subsequent re-transformation to 
recover the original page of data. Inversely, the 
light distribution at a cross-section of the digit-beam 
array represents the spatial-frequency spectrum of 
the focal distribution of light forming the hologram. 
In practice, these transformations are only approxi- 
mate due to a variety of aberrations introduced by 
the optical components and their imperfect align- 
ment. 

Fig. 5 shows the cross-section of a particular 
digit-beam array emerging from an ideal page- 
composer, using only five beams for simplicity. 
The axes are labelled in terms of spatial frequency 
because, as explained above, this pattern also 
represents the spatial-frequency spectrum of the 
amplitude distribution in the focal plane of the 
hologram lens (Fig. 4). Also, the units on the 



axes in Fig. 5 are generalised by using the scaling 
factor (/ X)^ ^ ; if the dimensions are in millimetres 
the spatial frequencies are in cycles/mm. The 
central reference-beam is located at the origin in 
Fig. 5 and can be regarded as a zero frequency (dc) 
component. (In most holographic systems the 
reference-beam is located off-axis and usually at a 
higher spatial frequency than the signal-beams). 
It will be seen from Fig. 5 that each bit of 
information is effectively allocated an exclusive 
portion of the spectrum space available. Increasing 
the size of a digit-beam, for example, results in a 
corresponding increase in the spectral space it 
occupies. In an ideal holographic arrangement, 
this exclusivity of spectral domains would be 
preserved, and the maximum storage efficiency 
is obtained when the spectrum space available is 
completely occupied. Unfortunately, spectral- 
domain exclusivity cannot be strictly preserved in 
a practical system. The optical design problem is 
therefore to achieve the best compromise between 
the system bandwidth and the level of cross-talk 
between digit-beams in the reconstruction process, 
for a given storage capacity. 

The photosensitive medium responds only to 
the intensity variations of the hologram distribution, 
i.e. to the square of the amplitude variations. This 
inherent squaring process produces, in the recon- 
struction from a thin hologram, a pair of digit-beams 
for each digit-beam in the original page. Moreover, 
intermodulation products are formed between the 
digit-beams during hologram formation which give 
rise to (twin) spurious digit-beams in the recon- 
struction. Thus the spectrum of an exposed and 
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Fig. 5 - Spatial- frequency representation of digit- 
beam array (5 digit-beams only shown). 
X = horizontal distance from reference beam at (0, 0) 
y = vertical distance from reference beam at (0,0) 



Fig. 6 - Spectrum of recorded holograms, for digit- 
beam array of Fig. 5, showing pairing of spectral 
domains and some intermodulation products 
(shaded squares). 
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processed hologram, for the page arrangement 
assumed in Fig. 5, could be modified to that shown 
in Fig. 6. Each bit of information now occupies 
two spectral domains symmetrically disposed about 
the origin, and the spurious intermodulation pro- 
ducts occupy additional spectral space both inside 
and outside the original spatial-frequency band- 
width. 

Fortunately, the magnitude of the inter- 
modulation products can be reduced by using a 
strong reference-beam. Furthermore, judicious 
design of the digit-beam array can result in a spectral 
interleaving of the spurious products with the wanted 
domains; as discussed in sub-section 3.1.3. 

3.1.3 Page geometry 

In the initial design of the hologram page- 
composer, including the geometrical arrangement 
of the digit-beam array, it is necessary to determine 
the values of the following parameters: 

(a) the optimum dimensions of the emerging 
digit-beams, with respect to that of the 
field-stop aperture. 

(b) the minimum separation of the digit-beam 
axes. 

(c) the optimum distribution of the digit-beam 
locations, with respect to the subsequent 
processing distortions and the limited 
dynamic characteristics of the recording 
film. 

The principal criterion used in estimating 
(a) is the transmission loss occurring at the field- 
stop aperture and this is determined by the 
parameter k, as mentioned in Section 3.1.1. 
The reciprocal relationship between the digit-beam 
dimension d^ and the field-stop aperture h' is 
given by equation (3). If k is chosen to be too 
small, for a given value of h' and focal length f^ , 
the light loss at the field-stop aperture is excessive. 
On the other hand, a large value of k requires a 
large digit-beam diameter at the page-composer 
which, in turn, increases the spatial-frequency 
bandwidth of the system (see Fig. 5). 

Having chosen the digit-beam dimension, 
the minimum separation of the beams in the array 
is governed by the need to avoid problems with the 
principal intermodulation products at the recon- 
struction stage. If these unwanted modulation 
products are made small enough to be ignored 
then, in principle, the digit-beams could be packed 
close together with a minimum separation of d 



between their axes. Even ignoring the inter- 
modulation products, however, such a close spacing 
would not be feasible because of the inevitable 
broadening of the digit-beams in their recon- 
struction, introduced by processing and aperture 
limitations. 

The problem can be avoided by using the 
arrangement shown in Fig. 7. The digit-beams are 
located on the basis of a regular grid which is 
offset with respect to the reference-beam. The 
latter is located at the origin (0,0) and the permitted 
digit-beam locations are at [(2xvL+l)d^ , {ln+l)d ] , 
where m and n are integers. (Some other restrict- 
ions are dealt with below). It can be seen that the 
minimum separation of axes is 2d ^, and that the 
intermodulation products produce spurious beams 
which are confined to the locations [{2md ^ ,2nd ^)] 
and thus interleave with the wanted beam locations. 

Because each digit-beam in the original page 
gives rise to a (twin) pair of beams in the recon- 
struction, it is not necessary or even desirable to 
occupy more than half of the grid locations, 
[(2m-i-l)(ij , (2n+l)(ij], by the original beams. 
For example, if the location specified by (m= 3 ,n= 5 ) is 
occupied, the twin position (m=— 3, n=— 5) can be 
left vacant, or vice versa. This rule can be used to 
help overcome another problem which is associated 
with the limited dynamic range of the recording 
film. Suppose the locations chosen all lie in the 
first two quadrants of Fig. 7, and those in the other 
quadrants are not used. When all the digit-beams 
in the page are switched 'on', the beams form a 
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completely regular array. In the recording plane, 
the intensity distribution of light would also have a 
highly regular pattern, with very large peaks of 
intensity representing the concentration of energy 
at low harmonic spatial frequencies. The large 
excursions in intensity could greatly exceed the 
'linear' portion of the transfer characteristic of the 
recording film, thus generating significant non- 
linear distortion. This effect can be mitigated by 
using all four quadrants and allocating the digit- 
beam locations on a pseudo-random basis. The 
method works best when there are a large number 
of bits per page. 

Fig. 8 shows the array pattern adopted for 
the 50 port page-composer. The digit-beam axes 
are separated by 3.0 mm (d^=1.5 mm) and the 
maximum dimension of the whole array in the 
plane of deflection is D^ = 23d^ , (=34.5 mm). 
The locations immediately surrounding the central 
reference-beam are omitted; this is to avoid the 
possible deleterious effects of flare which surrounds 
the strong reference-beam during reconstruction. 

A useful measure of the randomness achieved 
in a particular arrangement of digit-beam locations 
is obtained by calculating or measuring the auto- 
correlation function of the array. If the auto- 
correlation function has low values at displacement 
multiples of d , then the array will be pseudo- 
random. 

The auto-correlation function of the array 
shown in Fig. 8 was calculated and the results, 



for two principal sections x=0 and y=0, are given 
in Fig. 9. The integer numbers on the x and y 
axes in the Figure are relative displacements in 
multiples of d^ . Except for the 4-d displacement 
on the y=0 section, the correlation function values 
are seen to be less than 0.2. 

3.1.4 Beam deflection 

For recording, a WoUaston-type digital light- 
deflector appears to be a suitable non-mechanical 
method of exposing rows of holograms^ . The 
output positions are precisely determined by the 
optical design of a set of Wollaston (bi refringent) 
prisms in the deflector. A thorough optical analysis 
has been presented elsewhere^ . 

The deflector is placed in the relay section of 
the recorder, between lenses L^ and L^ (see Fig. 4). 
In this position, it accepts a collimated array of 
light-beams and deflects them all simultaneously in 
a direction orthogonal to that of the continuously 
moving recording film. Having determined the 
minimum entrance aperture required, as discussed 
in Section 3.1.1, the major problems are associated 
with the design of the electro-optic polarisation 
switches which precede the Wollaston prisms in each 
stage of the deflector. The longitudinal type of 
Pockell's cell is used for the polarisation switches 
and these require an electric field to be applied in 
the direction of the incident light. Thus the 
digit-beam array has to pass through conducting 
electrodes formed on the surfaces of each Pockell's 
cell. One of the most transparent electrode 
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Digit-beam arrangement adopted for 
the experimental recorder. 
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Fig. 9 - Principal sections of the auto-correlation 
function of the digit-beam array shown in Fig. 8. 
(The numbers on the x and y axes are multiples 
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materials is tin oxide, deposited by vacuum sputter- 
ing, but in the blue part of the visible spectrum 
these layers are slightly absorbing. For a 7-stage 
deflector, with more than 14 electrodes in tandem, 
the total absorption loss could be up to 50% of the 
incident light. 

A way of avoiding these losses is to use 
ladder-grid electrodes, for the Pockell's cells, 
formed from thin metal layers with suitable gaps 
etched away. This method is possible in this 
application because the array of digit-beams being 
transmitted is arranged on a grid pattern and 
deflection is in one plane only. 

Fig. 10 shows the particular design of the 
ladder-grid electrodes used in the experimental 
deflector. The positions of the digit-beams and 
the central reference-beam are represented in the 
Figure by small open circles. (In the later stages 
of the deflector, the beam positions actually scan 
elongated regions parallel to the gaps during 
operation). The ratio of gap width to electrode 
width is approximately 4:1. Slightly different 
arrangements are required for the reference-beam, 
because it is offset from the digit-beam grid of 
locations. The central electrode finger is broken 
(Fig. 10) and additional electrode material protrudes 
from the neighbouring fingers to help compensate 
for the resulting loss of electric field at the reference- 
beam location. 

Clearly, for this method to be successful, 
the digit-beam array must be accurately collimated 



and each electrode precisely registered with it to 
avoid accidental eclipses. If this can be achieved, 
however, the principal loss of light will be due to 
interface reflections. These can be almost 

eliminated by optically coupling all the components 
of the deflector with an index matching fluid. 

3.1.5 Film exposure 

The relationship between the laser output power 
P, and the exposure E, required to expose the film 
correctly is given by 



Eh' 



tT 



(7) 



where h'^ = hologram area 

t = exposure time available per hologram 

T - optical transmission factor of the 
recorder. 

Given the maximum laser output power and 
film sensitivity, we can obtain from equation (7) 
the minimum optical efficiency which must be 
achieved in the recording apparatus. Thus 

putting P = 10 nW, £ = 10 juj/cm^, h = 50 fim 
and ^ = 500 ns, we find that T must be greater 
than 5%. 

Most of the transmission losses occur at the 
field-stop aperture and in the signal path, which 



Fig. 10 - Ladder-grid electrode 
pattern for KD *P electro-optic 
crystals in the digital light- 
deflector. 
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contains the page-composer. Also, because the 
optical path is folded for instrumental compactness, 
a number of additional mirrors are used which all 
combine to reduce the light available at the 
recording plane. 

The beam-splitter is a dielectric mirror which 
reflects a fraction Q of the laser output power into 
the signal-beam path (see Fig. 2) and transmits 
almost all of the remainder. Suppose T^ is the 
transmission efficiency of the signal-beam path 
including the field-stop aperture and T^ that of the 
reference-beam path. The ratio M of reference- 
beam power to signal-beam power emerging from 
the field-stop aperture is given by 



M = 



(1 - Q) T, 



(8) 



Solving for Q gives 



QT, 



n 



Q = 



(9) 



T. + MT^ 



from which the required value of Q can be 
obtained for a chosen value of M, if T^ and Tg are 
known. The maximum power, P' , emerging from 
the field-stop aperture is given by 



P' 



il+M)P 
M/T, + 1/T, 



(10) 



Some measured values of these parameters achieved 
in the experimental recorder are given in Section 
4.3. 

3.2 Replay design features 

Initially, it is intended that the feasibihty of the 
system will be assessed on the basis of a partially- 
populated recording, i.e. writing only 16 of the 
128 holograms, which corresponds to one eighth of 
a television picture. 

The following sub-sections outHne the theore- 
tical aspects of the replay system design in general 
terms, but the detailed design parameters necessary 
for a partially-populated recorder are included 
where appropriate. 

3.2.1 Scanning requirements 

It is proposed to use an acousto-optic deflector 



to satisfy the scanning requirements for replay'' '^°. 
The principal reasons are 

(a) It is possible to achieve the required resolution 
while scanning at television line rate. 

(b) Monochromatic light is used. 

(c) Only a single axis of deflection is required. 

(d) The spot position accuracy is acceptable. 

(e) The diffraction efficiency, i.e. the fraction 
of the incident light energy emerging in the 
deflected beam, can be high (up to 70%). 

(f) Scanning is easily achieved by a wideband 
r.f. drive^°. 

(g) The uniformity of light intensity over the 
scanned range is of secondary importance 
(although this can be controlled by incor- 
porating an optical feedback arrangement). 

The ranges required of the scanning beam are 
shown in Fig. 11. For a fully-populated recorder 
(see Fig. 11(a)), only 120 of the 128 hologram 
positions will contain signal data. To allow for 
film wear, an overscan margin of 0.2 mm is 
allowed at each end of a row of holograms and this 
brings the required resolution to 128 spots. This 
is equivalent to a linear scan of 6.4 mm at the film 
plane. 

For a partially-populated recorder (see Fig. 
lib), only 16 holograms need to be scanned but an 
overscan margin has to be added. It is proposed 
that a 400-spot deflector be used for the fully- 
populated version and an 80-spot deflector for the 
partially-populated experiments. If they are to be 
used at the same fraction of their maximum 
resolution, the resolution of the 80-spot deflector 
must be reduced to 25.6 spots. This would give an 
overscan of 0.24 mm at either end of a row of 
16 holograms, which is very similar to that of the 
fully-populated case. It should be noted that the 
holograms are scanned at the same rate as for the 
fully-populated recorder, i.e. approximately 2 holo- 
grams per microsecond, but there is a longer rest 
period between scans. 

For a scanning beam with a Gaussian radial- 
intensity profile, the number of spots, R, which 
can be resolved within the deflection range is 
given by 



Bt 



R = 



(11) 



1.34 
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requirements for replay. 
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where B is the bandwidth of the r.f. driver and t is 
the transit time of the acoustic signal across the 
optical aperture. 

The transit time is given by t = d/v where d is 
the optical beamwidth in the direction of scan and 
V is the velocity of the acoustic waves in the 
acousto-optic medium. Rearranging equation (11) 
and substituting for r, we have 



d 



1.34 Rj^ 



B 



(12) 



For a partially-populated recorder with R = 25.6, 
V = 3750 m/s and B = 60 MHz the beamwidth 
required, using equation (12), is 2.1 mm. 

Ideally, the deflected beam converges at the 
film plane to give a diffraction-limited spot with a 
smooth (Gaussian) radial-intensity profile. The 
size of the spot, which is nominally specified by its 
diameter at the e"^ intensity level, is made similar 
to that of the hologram (SO/^m), although the 
optimum spot size is best determined experimentally. 
Generally, it is found that a spot much larger than 
50/xm produces dimmer reconstructed images and 



increased crosstalk between holograms, while a 
significantly smaller spot produces distorted images 
which are less efficiently intercepted by the 
detector array. Also, with a smaller spot, minor 
differences in the distribution of information 
within a hologram, due to imperfect recording, are 
exaggerated in the reconstruction. 

From the classical theory of diffraction- 
limited optics, the nominal diameter ^ of a 
Gaussian spot to reconstruct a recorded page of 
data is given by. 



1.34/, X 



(13) 



where /, is the focal length of the deflector lens 
and X is the reconstructing laser wavelength. 
Substituting the values for the estabUshed para- 
meters (i.e. h - SO ixm, X = 633 nm) in equation 
(13), and assuming the beam-width d = 2.1 mm 
derived earlier, a value of 126 mm for /. is 
obtained. However, although the deflector lens 
focal length should be reasonably small to keep the 
replay system compact, it must also be sufficiently 
large to prevent mechanical crowding of the film 
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transport mechanism and to prevent film move- 
ment affecting the spot focus during the scan. 
Increasing / to 143 mm is a practical compromise. 
The beamwidth must accordingly be increased to 
2.4mm and the r.f. bandwidth reduced to 53.6MHz 
(equations (12) and (13)). 

It can be shown that scanning in the manner 
suggested causes a linear frequency gradation, 
i\B, of the acoustic wave across the aperture. 
This can be represented by 



Bt 



AB 



(14) 



where 5 is the duration of a scan period. 

The frequency gradation gives rise to a re- 
constructing spot which is elongated in the direct- 
ion of scan. To restore the spot to a circular 
form, a cylindrical lens L can be inserted in the 
deflected beam path, as shown in Fig. 14. The 
focal length, /j , required for the cylindrical correct- 
ing lens is, from equations (5) and (6) in Reference 
7, given by 



/3-±' 



V d 
ABX 



(15a) 



where the sign is chosen depending on the relative 
directions of the acoustic wave propagation and 
the scan. Substituting for AB in equation (15a) 
from equation (14) gives 



u^ S 
BX 



(15b) 



For V = 3750 m/s, S = 12.8 us, B = 53.6 MHz 
and X = 633 nm the focal length required is 5.3 m. 
This was simulated in practice by using a 0.25 
dioptre cylindrical lens (4 m focal length) rotated 
through an angle of 36° (not shown in Fig. 14). 

In order to re-position the scanning beam to 
cover what would be the first 16 hologram positions 



of a fully-populated record, the whole scan must 
be offset by laterally displacing the deflector lens 
from the central axis by 5.5 mm. 

3.2.2 Hologram reconstruction 

Satisfactory hologram reconstruction relies on 
the images remaining stationary as the deflected 
beam scans across the row of holograms. This 
is achieved by including a field lens in the optical 
path as close to the film as possible. The 
principle is shown in Fig. 12. The focal length of 
the field lens L is chosen so that the effective 
aperture of the cfeflector is imaged at the detection 
plane. 

If the effective centre of the deflector is a 
distance u^ from the centre of the deflector lens 

the (virtual) image of the effective aperture of the 
deflector appears at a distance — y^ from the de- 
flector lens where 



1 



/4 



(16) 



From this equation, if M =40mm,/^ = 143 mm, 
then z; J = 55.5 mm. The effective object distance 
for the field lens is, therefore,/^ +v^ = 198.5 mm. 

The distance, v^ , between the field lens of 
focal length /^ (assumed coincident with the film) 
and the detector array is given by 



1 



198.5 



(17) 



The holograms are recorded in blue hght(X=442 nm) 
with a minimum angular spacing between digit-beams 
of 30 mrad. They are reconstructed using red 
light (X = 633 nm) which increases the angular 
spacing to 43 mrad. The linear spacing, x, 
required between detector apertures in the detection 
plane is given by x = 43 x 10^^ x v^. Choosing 
/j = 33 mm we obtain v^ = 39.6 mm from 
equation (17), and this gives x = 1.7 mm. Because 
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Fig. 12 - The field-lens 
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the nominal diameter of the digit-beams is half of 
the distance between them, detector apertures of 
0.85 mm diameter are required to intercept the 
digit-beams. The above values require slight 

modification, in practice, because the field lens 
cannot be coincident with the film. Moving the 
detector array backwards or forwards from its 
nominal position will allow some operational 
adjustment of final image size. Even with the 
field lens, errors in the precise angular positioning 
of the digit-beam array are expected to occur 
because of differences in the recording and replay 
optics. The main differences are the wavelength of 
light used and the angle of incidence of the refer- 
ence beam on the film in the recording, which 
is not the same as that of the interrogating beam 
on the film in the replay. These differences give 
rise to a 'walk-off effect which causes the re- 
constructed beams to wander slightly over the 
detection plane as the holograms are scanned. 
Fortunately, this can be minimised by a suitable 
choice of the focal length of the deflector lens. 
It is calculated that for/^ = 143 mm the maximum 
lateral shift at the detection plane would be 
± 3% of the digit-beam spacing. 

3.2.3 Photodetector array 

The choice of the components in the photo- 
detector array depends upon the following factors: 



small, 

,2 



(a) The detectors themselves must be 
i.e. have an active area of 0.57 mm" 
approximately, and be capable of stacking 
at 1.7 mm centres. 

(b) The detectors and associated amplifiers must 
have a fast response which will cope with 
data at 2 Mbit/s (this implies a bandwidth of 
about 1 MHz). 

(c) It is estimated that, for an adequate error- 



rate, an overall output signal-to-noise ratio 
of > 20 dB is required. Consequently, in 
order that the random noise generated in the 
detection process does not significantly limit 
the system performance, a detector signal- 
to-noise ratio of > 26 dB is considered to 
be a desirable target. 

Preliminary investigations have shown that 
the most suitable choice is a photodiode coupled 
to a fibre-optic light guide, followed by a low- 
noise amplifier. At incident light levels above about 
1 /iW, shot noise in the photodiode is the predominant 
noise source. At lower light levels, the noise 
associated with the input stages of the amplifier is 
more important. It is proposed that for the 
detection of each bit, two photodetectors will 
be used (one for each of the twin images) and 
their outputs fed into one amplifier. Assuming 
light-power levels of 0.5 juW per digit-beam, it is 
estimated that signal-to-noise ratios in excess of 
50 dB can be achieved in the detection circuits. 

3.2.4 Synchronisation beam 

The auxiliary beam which is used to interro- 
gate the control-track is derived from the zero-order 
beam of the deflector. The maximum angle at 
which a digit-beam emerges from a hologram is 
approximately 13.4°. The auxiliary beam must, 
therefore, subtend an angle greater than this in 
order that it will be spatially separable. Further- 
more, if an angle of 15.8° is chosen, any spurious 
digit-beams formed by the auxiliary beam striking 
the holograms, which may contain test-data, will 
interleave with the wanted digit-beams and there- 
fore be undetected. A simple means for achieving 
this, with the deflector lens offset as described 
previously, is shown in Fig. 13. A partially 
reflecting, cylindrical mirror directs the auxiliary 
beam towards one end of the full row of holograms 
(see Fig. 11(b)) and strikes the film plane at the 
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chosen angle. (This angle is grossly exaggerated in 
Fig. 13 for clarity). The cylindrical mirror is used 
to elongate the beam along the row of holograms. 
By covering (say) four holograms out of the eight 
on the control track, some extra immunity can be 
obtained against disturbances from localised defects 
on the film. 

In the present arrangement, the auxiliary 
beam leaves the offset deflector lens at 38.4 mrad 
to the axis. The correct position of the mirror is 
calculated to be 26.4 mm from the film plane, 
4.5 mm off-axis and inclined at an angle of 6.8° to 
the axis. At the mirror, the auxiliary beam is 
0.45 mm wide; by simple geometry it must 
therefore contract by 0.25 mm in 26.4 mm to 
cover 4 holograms and would therefore come to a 
focus at 47.8 mm from the mirror. From basic 
geometrical optics the mirror focal length required 
is calculated to be 58.8 mm. 

The minimum intensity of the synchronisa- 
tion beam is determined by the required minimum 
signal-to-noise ratio of the optical signal derived by 
detection of the beam through the control track. 
A signal-to-noise ratio of 50 dB is expected to 
permit adequate tracking performance under most 
conditions. Some preliminary recordings have 
shown that at the exposures required for optimum 
recording performance the optical density of a 
hologram is about 0.6 above the film-base density. 
Taking the base density to be 0.15, the control- 
track can be expected to transmit 18% and 71% of 
the incident light on alternate lines respectively. 
For a typical photodiode light detector and its 
associated amplifier, the optimum power of the 
auxiliary beam incident on the stripe-track is 
about 0.5 mW. 

To increase the contrast of the control-track, 
it has been suggested that the last eight hologram 
positions could be double-exposed in the recording. 
This requires an extra stage in the digital light- 
deflector which would deflect the last eight holo- 
grams on alternate lines in the direction of film 
motion so as to overlay the previous row. This 
method would reduce the required light intensity 
of the auxiliary beam to 0.4 /iW. 

The auxiliary beam transmitted through the 
control-track comes to a focus (in one plane) at 
47.8 mm from the mirror. In the orthogonal 
plane, the beam diverges and is 0.67 mm long at 
the digit-beam detection plane. The beamwidth 
at this plane is about 0.1 mm. The auxiliary-beam 
detector aperture should be placed 14.2 mm from 
the axis, i.e. 4 mm outside the main detector array. 
A similar detection arrangement to that already 
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Fig. 14 - The layout of the replay optics 

described for the digit-beams can be used although 
some modification is required to reduce the 
bandwidth of the associated amplifier. 

3.2.5 Optical efficiency and signal-to-noise ratio 

The layout of the complete replay system as 
envisaged is given in simplified form in Fig. 14. 
A right-angled prism is included to facilitate 
mounting the assembly within the body of the 
recorder. From hologram diffraction theory^ it 
can be shown that, for 50-bit amplitude holograms, 
the maximum available power per digit-beam P^ 
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is given by 



— = 1.25 X 10-3 X 
P 



K^K^ 



M 



(18) 



where P is the laser radiation power, K^ is the 
scanning efficiency which includes the transmission 
loss of the replay optics, the acousto-optic deflec- 
tor inefficiency and losses due to distortions of the 
beam intensity profile, K^ is the film modulation- 
transfer factor, which is primarily a function of the 
digit-beam position in a page, and M is the reference- 
to-signal beam intensity ratio in the recording 
apparatus. 

Values assumed in a previous study, to obtain 
Fig. 2(c) in Reference 7, where K^ = 0.6, K^ = 
0.67, M=4 giving an overall efficiency of 10% and 
a value of 



= 1.25 X 10' 



The value of M requires revision following more 



recent experimental work on 50-bit holograms. 
It was found that a value of M = 6 is preferable 
in order to obtain a good image and reduce 
distortion products appearing between the wanted 
digit-beams in the reconstruction. Putting M = 6 
reduces the expected overall efficiency to 6.67% 
and the revised value of 



Pd 



= 0.83x 10-^ 



Thus, taking the figure of Pd = 0.5 mW, the 
laser radiation intensity required is about 6 mW. 
In addition to the losses already outlined, there will 
be a loss due to the photodetector failing to 
encompass all the available light from the digit-spot 
and a loss in the fibre-optic light guide. Those two 
factors could account for a further loss of signal 
of 3.5 dB say. 

With a 5 mW laser output power, we can 
expect to obtain a maximum power of 0.4 fxW 
per digit-beam. Including the above losses, 

however, which occur prior to amplification, the 
effective power available is 0.25 /xW per digit-beam 
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or 0.5 /xW per amplifier. Typically, photodiode 
responses have been measured at 0.4 A/W and 
suitable f.e.t.'s for amplification contribute about 
0.5 nA noise r.m.s. in a 2 MHz bandwidth when 
fed from a 22pF source (representing two parallel 
photodiodes). In terms of current available for 
amplification this represents a signal of 208 nA 
peak and a noise of 0.5 nA r.m.s. giving a signal-to- 
noise ratio of 52 dB. The minimum light power 
required from every digit-beam is, therefore, 0.01 
/xW to achieve the target signal-to-noise ratio of 
26 dB. 



4. The experimental test-bed 

4.1 Recording 

Fig. 15 is a view of the test-bed showing the 
arrangement of the principal optical components. 
The source is a continuous-wave helium-cadmium 
laser giving approximately 10 mW output at 
X = 442 nm. The polarisation switch is a trans- 
verse (KD*P) Pockell's cell having a half-wave 
voltage* of 350 V. The beam splitter is a 
3-layer dielectric mirror with a reflection coefficient 
Q = 0.7 approximately. The signal -beam is 
expanded using a 16 mm microscope objective and 
a 1 50 mm collimator. The output digit-beams from 
the 50 port (PLZT) page-composer and the un- 
expanded reference-beam are folded through 180° 
by two sets of mirrors. The larger mirrors are 
high reflectance multilayer dielectric stacks reflect- 
ing about 95% of the incident light. One of these 
mirrors is capable of manual tilt adjustment. 
Just before the main hologram lens, the reference- 
beam is recombined with the digit-beam array, 
using two small prisms, and directed along the axis 
of the hologram lens. The latter has a focal 
length of 400 mm and focuses the incident array of 
beams at the field-stop aperture. The beams 
emerging from the aperture are recollimated by a 
relay lens, which has a focal length of 200 mm. 
After passing through the digital light-deflector, the 
beam array is again focused on to the recording 
film by a 50 mm, f/2, camera lens. The film is 
wrapped around a servo-controlled capstan-drum 
which is rotated at a constant speed and transports 
the fUm from reel-to-reel. 



Fig. 16. The laser is a 5 mW helium-neon type 
vwth an output beam diameter of 0.9 mm. The 
beam-expanding collimator increases this diameter 
to approximately 2.4 mm. Two simple lenses are 
used here in order to keep the number of glass 
surfaces to a minimum (a concave lens of 30 mm 
focal length followed by a convex lens of 83 mm 
focal length and separated by 53 mm). The actual 
expansion is 2.8 times giving a theoretical beam 
diameter of 2.5 mm. 

The acousto-optic deflector is an 80-spot 
device driven by an (80 — 134 MHz) r.f. sweep 
generator. The Bragg angle is adjusted to 

maximise the light energy directed into one first 
order beam over the required bandwidth. The 
cylindrical corrector lens is contained in a holder 
attached to the deflector and can be rotated for 
fine adjustment. The deflector lens is offset from 
the optical axis. 

The auxiliary-beam mirror is fabricated from 
a section of a plano-convex cylindrical lens (but 
not aluminised) giving a reflectance of about 4%. 
The plane surface of the lens is cemented to a 
glass neutral-density filter to reduce reflection 
from the surface. The assembly is mounted on a 
3-legged support with means for tilt adjustment. 

The field lens is also plano-convex and 
mounted as closely as possible to the film, with 
the plane side towards the film. Lengths of 
monofilament light-guide (0.6 m) coupled to the 
photodetectors are terminated at their free ends in 
the pattern of the data-page by holes drilled in an 
alloy block. A separate single-fibre is mounted 
above the array block to intercept the auxiliary 
beam. 

A circular aperture of approximately twice 
the theoretical beam diameter is inserted in the 
optical path immediately after the deflector lens. 
This reduces flare and stray reflections generated 
within the deflector. Two further apertures 
(slots) between the deflector lens and film also 
help in this regard. For clarity, they are not shown 
in Fig. 14; they are included in the auxiliary-beam 
mirror mount shown in Fig. 16. 

4.3 Optical measurements 



4.2 Replay 

The experimental replay optics are shown in 



* The half-wave voltage is that which produces a phase difference 
of IT radians between the ordinary and extra-ordinary components 
of the light propagating through the cell. 



The overall optical transmission of the recorder 
after its initial assembly was found to be signifi- 
cantly lower than expected. The power available 
at the recording plane was less than 0.3 mW 
indicating an efficiency of only 3%. The cumu- 
lative losses of all the mirrors in the system were 
subsequently reduced by recoating with higher 
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prism. 



Auxiliary beam, 
mirror mount 




Optical probe 
terminal block 



^film 
-aperture 

deflector lens 
correction lens 



deflector cooling 
pipes 









— deflector 

compressed air line 



2nd lens of collimator 



#-?^K . 1st lens of collimator 

^^, . V field lens 



5 mW He-Ne 
laser 



n 'h 




Fig. 16 - The experimental replay optics 



air jets 



reflectance layers. A compromise was reached 
between the uniformity of intensity in the ex- 
panded beam incident in the page-composer and 
the spillover wastage of light in the signal-beam 
path. As a result of these measures, the overall 
optical transmission efficiency was increased to 
5% which was just sufficient to give adequate 
hologram exposures on the particular holographic 
film emulsion used for the initial experiments. 

A typical value for the transmission of the 
signal-beam path, measured just beyond the field- 
stop aperture (i.e. T^ in equation (9)), was 0.03. 
The transmission losses in the reference-beam path, 
up to the same point, were very much lower and 
values of T^ greater than 0.5 were achieved. 
The anti-reflection coatings on the principal lenses 
were not optimised for the blue laser radiation 
(X = 442 nm), and the transmission coefficient of 
the final lens in the recorder, for example, was only 



0.6; i.e. a 40% loss of light in the last component. 

The lenses in the replay optics were not anti- 
reflection coated. With the acousto-optic deflector 
in position, but not driven, 66% of the laser out- 
put power was incident on the holograms. Further- 
more, the diffraction efficiency of the 80-spot 
deflector was poor and measurements indicated 
that the average power of the scanning beam was 
only 34% of the incident power over the 54 MHz 
bandwidth. Consequentiy with the deflector 
driven, the measured light power of the scanning 
beam incident on the recorded holograms was 
1.1 mW. Measurements on reconstructed digit- 
beams (using a single, stationary hologram) were 
made to compare the reconstruction efficiency 
both with and without the deflector inserted. 
It was found that the resulting digit-beam powers 
with the deflector included was about 70% of 
those without the deflector. This loss can be 
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attributed to the degradation of the scanning-beam 
intensity profile by the acousto-optic interaction 
medium, which was a lead molybdate crystal. 

Ignoring the light loss in the field lens (which 
follows the film), a value for the total scanning 
efficiency K =0.16 was obtained, which is 
considerably less than the anticipated value. By 
anti-reflection coating all the lenses, this value is 
expected to rise to 0.25. 

Measurements on the same hologram indicated 
that the detected light power for a digit-beam near 
the centre of the array was 1.26 x 10^^ of the 
light power incident on the hologram. This may be 
compared with an anticipated figure of 1.38 x lO^'* . 
The holographic efficiency, however, is known to 
decrease as the digit-beam positions move away 
from the centre. Further experiments on hologram 
reconstruction are the subject of another report^ ^ . 



5. Conclusions 

Theoretical considerations, supplemented by 
measurements on the experimental recorder, suggest 
the following general conclusions relating to this 
method of recording: 

(a) By restricting the minimum separation of 
digit-beams in the array to twice the beam 
dimension, the beam locations can be arrang- 
ed so that any intermodulation products 
occurring in the recording process are inter- 
leaved with the wanted components and 
can be spatially isolated (Fig. 7). 

(b) The average dynamic range of the intensity 
variations at the recording plane can be 
usefully reduced by allocating digit-beam 
locations in the prescribed array in a random 
manner (Fig. 8). 

(c) The minimum aperture of the digital Hght- 
deflector in the plane of deflection is 
constrained by the limited angular range of 
the deflector, for a given number of stages 
and bits per hologram. A small reduction 
in aperture is possible at the expense of the 
overall optical transmission efficiency of the 
recorder and with an increase in the inter- 
beam cross talk levels in the reconstruction. 

(d) In a digital light-deflector using longitudinal 
type Pockells' cells, where the electrodes 
generating the electric fields are in the light 
path, effective use can be made of ladder- 
grid electrodes with gaps in the plane of 



deflection to achieve a high transmission 
efficiency. 

(e) An acousto-optic deflector meets most of the 
scanning requirements for an efficient replay 
of the recorded data. It is important that 
the acousto-optic interaction medium does 
not introduce waveform distortions of the 
scanning beam because this leads directly to 
a reduction in holographic reconstruction 
efficiency. 

(f) The zero order (i.e. undeflected) beam 
emerging from the acousto-optic deflector 
can be used to interrogate a control-track 
on the recording, thus generating a modulated 
signal for the automatic control of the 
capstan speed during replay. 

(g) Detection of the reconstructed images in the 
replay process, using an array of mono- 
filament light guides each terminating in a 
silicon photodiode, meets the output signal- 
to-noise requirements providing that the 
light power level per digit-beam is greater 
than 12 nW. Using a 5 mW laser source, 
digit-beam power levels up to 100 nW were 
achieved in the experimental replay arrange- 
ment. 

(h ) The measured optical transmission efficiencies 
were 5% for the recording optics and 16% 
for the replay optics. These values are sub- 
stantially lower than earlier estimates but 
significant improvements could be achieved 
by paying careful attention to the anti- 
reflection-treatment of the numerous com- 
ponent surfaces. 
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